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A novel scheme for stabilizing the carrier-envelope phase (CEP) of low-repetition rate lasers was
demonstrated using a 350 mJ, 14 fs Ti:Sapphire laser operating at 10 Hz. The influence of the CEP
on the generation of a continuum in the extreme ultraviolet (XUV) was observed.
In the field of high-intensity ultrafast laser science,
there are certain processes like attosecond photon pulse
generation that do not rely directly on the intensity of the
femtosecond laser pulse, but rather on the instantaneous
amplitude of the underlying electric field oscillations [1].
Because of the physical relevance of the sub-cycle charac-
ter of the laser in such cases, it becomes useful to consider
the phase difference between the peak of the pulse’s en-
velope and the closest crest of the pulse’s carrier field,
which is defined as the carrier-envelope phase (CEP).
In a typical ultrafast oscillator and chirped-pulse am-
plifier (CPA), there is nothing that naturally constrains
the output pulses to have consistent CEP values from
shot to shot. In fact, pump energy fluctuations, thermal
variations, pointing instabilities, and mechanical vibra-
tions - especially in the CPA stretcher and compressor -
can all cause the CEP to change in time. Fortunately,
researchers over the past decade have devised numerous
ways of stabilizing these CEP fluctuations in both the
oscillator and the CPA [2–6]. Such stabilization tech-
niques rely on measuring the latest CEP value of a pulse
or group of nearby pulses and then providing corrective
action to reduce the CEP error compared to the previous
measurement.
In the case of a CPA, correction to the CEP can be
applied only as often as a new pulse arrives with the lat-
est CEP error information. This means that any CEP
jitter occurring at frequencies near to or higher than the
laser’s repetition rate cannot be measured or compen-
sated. Expressed another way: for a laser with a low
repetition rate (e.g. 10 Hz), too many disruptions to the
CEP are “invisible” to detection because they occur dur-
ing the relatively long period between consecutive laser
pulses, thus resulting in a poor correlation between the
CEP of a new pulse and the applied phase corrections
determined by the previous pulse. Because of this lim-
itation, CEP-locked CPA systems are all but limited to
repetition rates of one kilohertz or higher.
Unfortunately, typical kilohertz CPA systems are
themselves limited to pulse energies on the order of milli-
joules, which restricts the laser’s usefulness for studying
and controlling strong-field phenomena. If such a laser
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system is used to generate isolated attosecond pulses,
for example, this energy ceiling confines the achiev-
able attosecond pulse energy to tens of nanojoules [7] -
not enough for performing attosecond pump-attosecond
probe experiments or examining nonlinear XUV dynam-
ics. In order to achieve higher laser intensities and to
generate microjoule-level attosecond pulse energies, laser
systems must be used that can output joule-level laser
pulses. Regrettably, such CPA systems only operate at
repetition rates that are too low to be CEP stabilized us-
ing existing techniques, making them less ideal for phase-
sensitive applications.
In this Letter, we present a “fast CEP probe” tech-
nique for actively controlling the CEP of a low-repetition
rate, high-power CPA laser system for the first time to
the best of our knowledge.
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FIG. 1. The fast CEP probe technique uses a high-repetition
sampling beam to measure and control the carrier-envelope
phase of a low-repetition amplified beam.
Figure 1 illustrates the basic concept of this method:
the output pulses from a CEP-stabilized oscillator are
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FIG. 2. The fast CEP probe technique is applied to a 350 mJ, 14 fs (25 TW) Ti:Sapphire laser system.
stretched in time and then amplified at a high repetition
rate common to CEP-stabilized systems (e.g. ≥1 kHz).
While a portion of the beam is further amplified at a
low repetition rate atypical to CEP-locked lasers (e.g.
≤100 Hz), a small sampling (the “fast CEP probe”) re-
mains unamplified and maintains the same high repeti-
tion rate – a crucial requirement for providing feedback
often enough to lock the CEP. Since the weak, high-
repetition pulses and the strong, low-repetition pulses
go on to share the same pulse compressor, both beams
receive the imprint of the foremost CEP errors arising
due to mechanical vibrations and thermal drift in the
stretcher and compressor [5, 6]. Because both beams
share the same primary CEP error components, the
measurement and stabilization of the CEP of the high-
repetition probe beam effectively controls the CEP of the
low-repetition amplified beam as well.
This technique was first applied to a high-power,
Ti:Sapphire-based double CPA system designed for gen-
erating high-flux attosecond pulses [8]. As represented
in Fig. 2, the millijoule-level output of the front-end,
1 kHz-repetition rate CPA is spectrally broadened in a
hollow-core fiber to provide a broadband seed for the
back-end, 10 Hz-repetition rate CPA. To acquire the fast
CEP probe beam, a sampling of the 1 kHz beam is taken
after the front-end compressor and before the hollow-core
fiber. This 1 kHz sampling is directed through both the
back-end stretcher and compressor in order to carry the
same primary phase errors as the 10 Hz beam.
Once compressed, the fast CEP probe beam is sent
to a home-built f-to-2f interferometer, based on white-
light generation in a sapphire plate through filamenta-
tion, that is used to measure the CEP [9]. It is important
to note that generating an octave-spanning white-light
spectrum strong and stable enough for f-2f interferome-
try requires input pulses with little shot-to-shot variabil-
ity and with peak powers greater than the critical power
of the sapphire plate. These conditions are fulfilled only
after making two special considerations in the back-end
CPA:
1. Because of the changing thermal lensing and resid-
ual population inversion inside the Ti:Sapphire
crystals in the time between shots of the 10 Hz
pump lasers, the 1 kHz fast CEP probe beam must
circumvent the 10 Hz multi-pass amplifiers to avoid
energy and profile instabilities that would lead to
unreliable white-light generation.
2. Because the compressor is tuned to account for the
dispersion of the stretcher and the amplifiers (ex-
perienced by the 10 Hz beam only), the 1 kHz fast
CEP probe beam must pass through several cen-
timeters of bulk glass directly after the stretcher
so that it too will be dispersion-compensated upon
entering the f-to-2f interferometer.
With sufficient white-light generation, the phase re-
trieved from the 1 kHz interferometer is used to stabilize
the CEP of the whole system to 150 mrad RMS (20 ms in-
tegration) via feedback control of the grating position [6]
in the front-end CPA stretcher.
The efficacy of this locking method for the 10 Hz am-
plified pulses is gauged by observing the influence of the
CEP on the structures of an XUV continuum generated
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FIG. 3. Features of an XUV continuum change while scanning
the CEP of the 10 Hz, 25 TW driving laser. Dotted lines
were added to guide the eyes for easy observation of the 2pi
periodicity of the fine structures.
using generalized double optical gating (GDOG) [10].
For this experiment, the double CPA system provides
350 mJ, 14 fs pulses at a 10 Hz repetition rate. These
pulses propagate through a set of birefringent GDOG
optics in order to create an electric field appropriate for
isolated attosecond pulse production. After loosely focus-
ing with a concave mirror (f=6.5 m) to a 100 mm-long
gas cell containing 4 Torr of argon, the XUV continuum
is generated and then separated from the residual near-
infrared pulse using two Brewster-angled silicon plates
(with a cut-off near 50 eV) and a thin aluminum filter.
The isolated XUV spectrum is then measured with a flat-
field soft x-ray spectrometer and a charge-coupled device
(CCD) detector. As the CEP of the driving laser pulse is
scanned linearly from 0 to 6pi [11], the harmonic spectra
varies with a 2pi periodicity (as shown in Fig. 3), which
is consistent with the periodicity of the two-color GDOG
field.
When the amplified 10 Hz beam is sent to an f-to-2f in-
terferometer, the comparatively large shot-to-shot energy
and spectrum instabilities of the pulses lead to significant
fluctuations in the interferometer’s phase retrieval due to
changes in the white-light generation process [12] even
when the fast CEP probe beam is locked. Although this
has a debilitating effect on the reliability of the interfer-
ometer, this directly-measured stability of 1.3 rad RMS
nevertheless constitutes an upper bound on the level of
CEP control.
In conclusion, we have demonstrated a method for con-
trolling the CEP of a low-repetition, high-power laser.
As a result, our 10 Hz, 25 TW CPA system currently
represents one of the strongest and lowest-repetition rate
CEP-stabilized lasers in the world. This is also one of
the first CEP effects seen in an XUV continuum gener-
ated using the long gas cell geometry. Our preliminary
results pave the way for a new generation of high-field
and attosecond science using phase-controlled TW- and
PW-level laser sources. This work is funded by the U.S.
Army Research Office, the National Science Foundation,
and the DARPA PULSE program by a grant from AM-
RDEC.
[1] Zenghu Chang and P. Corkum, “Attosecond Photon
Sources: The First Decade and Beyond,” JOSA B 27,
B9 (2010).
[2] D. J. Jones, S. A. Diddams, J. K. Ranka, K. Jinendra,
A. Stentz, R. S. Windeler, J. L. Hall, and S. T. Cundiff,
“Carrier-envelope phase control of femtosecond mode-
locked lasers and direct optical frequency synthesis,” Sci-
ence 288, 635 (2000).
[3] E. Moon, H. Wang, S. Gilbertson, H. Mashiko, and
Zenghu Chang, “Advances in Carrier-Envelope Phase
Stabilization of Grating-Based Chirped-Pulse Lasers,”
Laser Photon. Rev. 4, 160 (2010).
[4] A. Baltusˇka, Th. Udem, M. Uiberacker, M. Hentschel,
E. Goulielmakis, Ch. Gohle, R. Holzwarth,
V. S. Yakovlev, A. Scrinzi, T. W. Ha¨nsch, and
F. Krausz, “Attosecond control of electronic processes
by intense light fields,” Nature 421, 611 (2003).
[5] Zenghu Chang, “Carrier-envelope phase shift caused by
grating-based stretchers and compressors,” Appl. Opt.
45, 8350 (2006).
[6] C. Li, E. Moon, and Zenghu Chang, “Carrier-envelope
phase shift caused by variation of grating separation,”
Opt. Lett. 31, 3113 (2006).
[7] F. Ferrari, F. Calegari, M. Lucchini, C. Vozzi, S. Sta-
gira, G. Sansone, and M. Nisoli, “High-energy isolated at-
tosecond pulses generated by above-saturation few-cycle
fields,” Nature Photon. 4, 875 (2010).
[8] Y. Wu, E. Cunningham, H. Zang, J. Li, M. Chini,
4X. Wang, Y. Wang, K. Zhao, and Z. Chang, “Genera-
tion of high-flux attosecond extreme ultraviolet contin-
uum with a 10 TW laser,” Appl. Phys. Lett. 102, 201104
(2013).
[9] M. Kakehata, H. Takada, Y. Kobayashi, K. Torizuka,
Y. Fujihira, T. Homma, and H. Takahashi, “Single-shot
measurement of carrier-envelope phase changes by spec-
tral interferometry,” Opt. Lett. 26, 1436 (2001).
[10] X. Feng, S. Gilbertson, H. Mashiko, H. Wang,
S. D. Khan, M. Chini, Y. Wu, K. Zhao, and Z. Chang,
“Generation of Isolated Attosecond Pulses with 20 to
28 Femtosecond Lasers,” Phys. Rev. Lett. 103, 183901
(2009).
[11] C. Li, E. Moon, H. Mashiko, C. Nakamura, P. Ranitovic,
C. L. Cocke, Zenghu Chang, and G. G. Paulus, “Precision
control of carrier-envelope phase in grating based chirped
pulse amplifiers,” Optics Express 14, 11468 (2006).
[12] C. Li, E. Moon, H. Mashiko, H. Wang, C. M. Nakamura,
J. Tackett, and Z. Chang, “Mechanism of phase-energy
coupling in f-to-2f interferometry,” Appl. Opt. 48, 1303
(2009).
